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There ere two fectors which make air-breathing vehicles potentially mre 

efficient than rocket vehicles. 

carrying an oxidant. The other is the possibility of converting an apprecia- 

ble fraction of the fuel energy into kinetic energy of motion of the vehicle, 

rather than largely into kinetic energy of the exhaust. 

(he is the absence of the necessity for 

c 

The latter effect 

decreases with incredsing vehicle speed so that at a velocity of about half 

of' satellite speed, depending upon the fuel, the air-breathing configuration 

becomes less efficient than t h e  rocket even in principle. Practically, of 

course, the rocket is at present more efficient down to much lower speeds. 

A number of ideas for improving the performance of air-breathing con- 

figurations have appeared in recent years, such as boundary layer control, 

suprsonic combustion, and external hezt addition. It is of interest to 

determine, as logically and as practically as we can, at the  present time, 4 

the possible gains, limitations, and a2plications of some of these ideas. 

The object or' this paper is to discuss the performance of air-breething 

hyprsonia aircrdt in such a way that the following questions will be 

answer&, or recalled to the mind of the audience for additional deliberation: 
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(1) What are the fundementel quantities in terms o r  which prTomance 

can be measured and Etnalyzed? 

(2) What are the imprtant design varicbles? 

( 3 )  What are some of the fundamental obstacles to development ol' 

air-breathing hypersonic eircreft? 

(4)  What greater perfornance than that now obtainable can we hope to 

achieve from Tullest realization of potential gains? 

Before treating these questions it should be established that in this 

paper consideration will be restricted to ordinary chemical fuels. It will 

be assumed that combustion occurs at a nigh enough density that the exhaust 

gas is nearly in chemical equilibrium. 

upper limit on the vehicle s2eed due to dissociation of the products 03 

combustion or the air. Instead other factors which limit the speed such as 

friction drag and shock losses wiU be isolated for discussion. 

Forces due to fuel mass flow w i l l  be neglected, in that the effect of 

h e 1  injection w i l l  be taken to be simple heat addition. 

The aspects of performance to be discussed are defined in terms of 

flight paths which nay be unne.tural to rockets, but are appropriate Tor 

aircraft. 

as independent missions. 

from rocket terminology is celled the burn-out velocity mission; (2) steady 

powered horizontal flight, as described by the original Br6guet range 

equation, which for brevity is calleC! range; and ( 3 )  the unpowered glide. 

These three missions are indesndent if a separate stage is used for each. 

In any case it is convenient to &yze them as if they were independent. 

Comparisons will be made between the performance of air-breathSng configu- 

rations and winged rockets f o r  the burn-out velocity and range missions. 

Under this condition there is no 

The flight path is divided into three parts which are treated 

These are (1) acceleration to top speed, which 
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Since low su t - sa t e l l i t e  speeds are main i n t e r e s t  f o r  zir-breathing - 
conf'ig,arations, the G r b i t d  centrifugal force w i l l  be suspressed. 

Increases i n  weight necessitated by varisble geometry w i l l  be tenta- 

t i ve ly  assumed t o  be minor. The w i n g  weight w i l l  be essuned t o  be a small ! 
enough f rac t ion  or t he  t o t a l  weight t h a t  moderate variations i n  w i n g  s i z e  

do not a f f e c t  the t o t a l  w e i g h t .  

I 

I 
1 

In f igure  1 w e  have expressions f o r  the two aspects of prfonnance we 

The BrCguet range equation wish t o  evaluate, crange and burn-out velocity.  

given i n  f igure  1 i s  the relation 

The quantity (Wi/Wf) i s  the r a t i o  of i n i t i a l  t o  f inal  weight, and 

the usual ratio of wing  l i f t  t o  drag. i s  the  engine 

over-all  efficiency, which is the r a t i o  of mechanical power developed by the 

L/D i s  

The quantity (TV/Q)5D 

engine t o  heat power sup2lied to the engine. 

i s  equal t o  the engine th rus t  (T) times vehicle velocity (V), end the  heat 

The mechanical power develoged 

gower i s  denoted as ( Q ) .  

ciency must be evaluated under the condition of engine thrust equal t o  

In the range equation, the engine over-all  e f f i -  

a i rp lane  drag. 

and L/D 

In that case, it i s  ap2arent that the two f ac to r s  (TV/Q)-D 

For configurations can be combined in the  single r a t i o  (LV/Q)%D. 

which develog lift by external combustion under the w i n g ,  or  by engine exhaust 

def lect ion,  we  Kiy see that the r a t i o  (LV/Q)T-,I) 

t h e  two parts as it i s  &re.. 

cannot be factored in to  

The f ac to r  (K)  i s  a dimensionless f u e l  hetlt content pwam e t  e r which 

expresses the f u e l  heat content per un i t  mass i n  terms of s a t e l l i t e  k ine t ic  

energy per unit mass. The value of K is about 1.3 for gasoline, 1.8 f o r  

high energy boron i'uels, and 4.0 f c r  hydrogen. 
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The expression for the burn-out velccity given in figure 1 is the 

relation 

t 

me rocket term, burn-out velocity, appears unnatural *en egplied to 

airglanes, but the meaning is clear. It is the ~ ~ ~ i m m  velccity’ the vehicle 

can attain before the fuel is exhausted in 811 accelerated flight starting 

from rest. Normally, of course) the mximuu velocity of an airplane is 

.determined by the operating limit of the thrust device rather than the fuel 

su2ply. 

airplane at the end oi? acceleration, the relation given here ap?lies t o  the 

accelerated part of the rlight. Strictly, the relatim given applies only 

if the over-all airplane efficiency fhf/Q)L,w, and the altitude are cons*mt 

during the acceleration. 

However, if the final weight (W?) is counted as the weight of the 

However, only minor corrections are needed if 

altitude changes are counted as energy equivalent velocity changes. 

9 is the net thrust (i.e., engine thrust minus airplane drag) under condi- 

tions of lift equal to airplane weight, 

content parameter, and Vs is satellite velocity. 

Here 

K is the dimensionless fuel hea t  

In figure 2 we see some slight changes in the expressions for range 

and bum-out velocity. 

in figure 2 are the relatims 

The expressions f o r  range and burn-out velocity listed 

Range = K eLs0 2n wi x 2000 miles 

and 
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When combustion under t h e  wing or exheust deflection are employed f o r  lift 

augmentation, it is no longer gossible to factor the liiting efficlency 

(s V/Q )9= 0 

retio. 

into t h e  product of an engine efficiency and wing lift to drx 

Here &') is the total l i f t  as distinguished from wing lift (L). 

Again' 9 is the net thi-ust, which is zero in steady. flight. 

in the burn-out velocity expression is that the t o t a l  lift (8 rather than 
the aerodjmamic lift alone su2ports the airplane w e i g h t .  

The only change 

It may be recalled that K is 1.3 for gasoline, end P V / Q ) C + ~  is 

about 2.0 for su2erscnic air;?lanes, so that the cmbination of these two 

factors is about 2.6. 

velocity-in the hi@ supersonic speed r&nge assuming that the low speed range 

engine er'i'iciency can be maintained. 

This number should be roughly indepndent of vehicle 

Di figure 3 we have expressions for the range and burn-out velocity of 

winged rockets. These expressions are the ,901lowing: 

2 I V L  "i' R m g e  = 4 In (F- x 2& m i l e s  
VS 

and 

Wi' 
--out velocity = Ig In (q- 

It should be recalled that, for gresent purwses, the range is defined as 

that part of the total range which is achieved during powered flight at 

constant velocity and altitude. The resulting expression is written so 

that the last two factors are the same as in the expression f o r  airplanes. 

For a vehicle speed (V) equal to 14,000 feet per second and a specific 

impulse (I) equal to 300 seconds, the combination is equal 

to 2.6 (which is equal to the corresponding number for sugersonic airplanes 

burning easoline). 

21gV/Vs2 x L/D 

This factor lor the rocket increases linearly with 
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velocity showing that, at such speeds, rocket motors already developed are 

sugerior to gasoline ram jets which might be developed. 

statement cannot be made so definite if hydrogen is the remjet fuel, the 

corresponding number being about three times larger fclr hydrogen that it i s  

for gasoline. 

However, this 

The expression for tie burn-out velocity of the rocket, given her-e, 

applies when the acceleration is large compared to the accelerakion due to 

gravity divided by (L/D). 

the corresponding vdue f o r  ramjets w i l l  be delayed until after the burn- 

out velocity efficiency I'actor for ranjets, f?V/Q)y=v, is further analyzed. 

In analogy with engine terminology, the quantity @V/Q)ylw 

the over-all airplane efficiency. 

Comparison or' the value of burn-out velocity with 

can a l s o  be called 

The air-breathing hypersonic configuration selected for study is one 

with a ramjet engine and a wing. No external heat addition will be included, 

althou& this can be done in a way which defines the fundamental. quantities 

involved. 

In figure 4 we have a l i s t  or' the design variables and expressions for 

the total forces and power as f o l l o w s :  - 
!$ = ratio of exhaust velocity to vehicle velocity 

8 = exhaust deflection frGm horizontal 

S - = ratio of wing plan form area to engine inlet area 
A 
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These relations apply in the limit of large Mach numbers, elthough t h e  same 

exiressions apply f o r  low Mach numbers when t he  definitions are change2 slightly. 

The quantities for which the definitions change at low speed aAre marke5 with 

the cedilla. For -fie at low speed the quantity te is equal t o  tke 

exhaust velocity narltigAied by the factor 

where bi, is the exhaust Mech number. 
1 

Te/V is the ratio of exhaust velocity to free stream or vehicle velocity. 

8 is the angle of deflection of the exhaust from horizontal. S/A is the 

ratio of w i n g  plan form aree to engine inlet wee. These three variables 

have optimum d u e s  which depend on the design parameters and whether the 

mission is range or burn-out velocity. 

The total lift (y)  is M e n  to be equal to the  free stream dynamic 

pressure c1/2 pVz) times engine inlet area (A) times a quantity which is 

the sum of two terms. The first tern is a contribution ,Prom deflection or" 

the  engine exheust, and the  second term is the w i n g  lift expressed in terms 

of the  wing L/D end drag coeff ic ient  (CD). The wing lift coefficient and 

other  wing design variables do not appear in this expression because it is 

assumed that L/D is already maximized with respect to such variebles. It 

is perhaps obvious "(;hat the w i n g  lift coefficient can be optimized inde-pend- 

t n t l y  03 %he oi;her variables, althcugh this is not true when external heet 

addition is considered. 

The net thrust (9) has three terms associated with the engine 2lm in 

addition to a term representing the wing Clrag. The engine dra,g coefficient 

based on engine inlet aree (CD,eng.e ) includes the  internal friction drag, 

and the wave drag due to bluntness a t  the inlet, but does not include shack 

losses which affect the internal flow uniformly. 

- 

The latter losses ere 
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included by meens of a kinetic energy paraneter 

the heat power supplied to the engine (Q). The kinetic energy eXiciency 

i'or channel flax is defined by engine 8ndysts as the ra t io  of the square 

of the velocity which xould be obtained by isentrspic expmij-isn to inlet 

pressure of the flow at the exit divided by the square of the inlet velc~cicy. 

A t y p f c d  d u e  of ;ik Tor ausrsonic diffusers is 0.9. This value ix~s 

& in the expression f o r  

been obtained experimentally at Mach numbers up to about 5.0. 

The quantity (R), appeering in the expression ?or heat pcwer (Q), is 

the engine ideal thermodynamic cycle efficiency, which is a number between 

zero and cne depnding mainly ugon the compression ratio. 

between 0.5 end 0.9 are typical. 

derived frm the first two t e r n  oi an axpamsi&3n inverse powers of MRch 

number f o r  the case of' a supersonic constant area combustor. 

the expression applies to other cases, if the definitions of the quantities 

involved are altered slightly. 

Values of vt 
The expression :or (Q)# given here, was 

However, 

An expression for heat power (Q) in terms of 

-v.eriablea sppeesing in t he  expressions for the forces, such as  the one given 

here, is the key to a simple design theory. 

to extrawlate l o w  speed knowledge to higher speeds. 

fwces and power given in P i w e  4 can be regarded as a description 01' t h e  

larest order ei'rects. 

terms. 

The resulting theory can be used 

The relations f o r  

Rerinements can be made by including additional 

Once the expressions for p,?, and Q are established, it is E straight- 

forvard procedure t o  form the particillar efriciency ratio under considereticn, 

@V/Qb=,  f o r  range o r  (sv/Q)y,, f o r  burn-out velocity. "he resulting 

expressions can then be maximized w i t h  respect to the design variables. 

As an example w e  can look a t  the results f o r  the burn-our; velocity 

mission. Figure 5 is a plot of t h e  opthum ra t io  of wing plan fcrm area 



to engine inlet  area as a function of the engine power coefficient (C ) anci 

the design parameters. The engine power coefficient (CQ) is defined as the 

heat power supplied t o  the  engine made diniensionless through division by 

Q 

the free stream dynamic pressure, engine inlet area, and free stream 

velocity.  

The combinations of design : m e t e r s  listed in figure 5 are similarity 

parameters, by means of which the t o t a l  or iginal  number of parameters is 

reduced tc these three ccmbinations. The combination 

equal to 1.575 corresponds, for exaplple, to kinetic energy IK 
l / q & D  
efficiency (&) equal tc 0.92, wing L/D equal to 6.0, and wing drag eo&- 

ficient equal to 0,.02. q+./& = 0.5 ccrrespnds, fo r  example, to 

engine ideal  thermodynamic cycle efficiency ( q t )  equal to 0.48, and kine t ic  

The value 

energy efficiency (k) equal to 0.32. Tne optimum w i n g  size is plotted Tor 

several values of the third parameter 

weight coefficient based on Tree streem d m i c  pressure and engine inlet 

area. If during the mission, tne altitude is %aried in order t o  mainhin 

the ctpthum lift coefficient, this will cause the airplane weight coei'ficient 

to remain newly constant also. 

weight result in increases of the o2tirmun sing 8tza .  The optiroum w i n g  size 

relative LO engine size is almost independent oLY engine power coefficient 

in contrast t o  the case when range rather than burn-out velocity is maximized. 

Since the attainable power coefficient dezreasaswith increasing vehicle 

speed, it is gmtuitous that the! o p t i m  wing size is not sensitive to this 

variat ion.  

A s  would be expected, increases of airplane 
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The dependence of figure 5 can be exgressed analytically by the rekition 

r -  7 

The ogtiaaun engine exhaust deflection was found to be given by the relation 

In f i w e  6, the optimum value of the ratio of vehicle acceleration t o  

the acceleration due to gravity for maximan bum-out velocity is plotted as 

a function of engine power coefficient and design parameters. 

that as either a i r p u e  weight coefficient (CW) or engine drag coefficient 

(CD,~~,~) increase, the optl.rmm, acceleration decreases. 
power coefficient (CQ) can be increased, the optimum acceleration naturally 

increases. 

optbum ecceleratloas art alL of the order of one half of the acceleration 

due to gravity or less in contrast to the Large accelerations required for 

efficient operation o$ rockets. I 

It ccvl be seen 

- 
If' the engine 

Tor values of the parameters of interest at hypersonic speed, t he  

The dependence of figure 6 can be expressed analytically by the relation 

f 



. Figure 7 is a plot of the over-all airplane efficiency for maximum 

burn-out velocity as a function of engine power coefficient a d  design 

parameters. Increases of airplane weight coefficient (%) or  engine drag 

coefficient CD e ine lead to dec2eases in over-all efficiency. It cen 

br seen in the figure that ior given design parmeters there is an c q k i z - u  

L 

Y n i 3  

en&i.ne power coefficient. However, f o r  a l l  but the lowest values of the 

loss parameter 

r 

the optimum occurs at unattainably high values of engine parer coefficient, 

The o v e r - a  airplane efz'iciency @v/Q)~=~ io of the same nature as an 

engine over-& efficiency, &rid must lie between 

in the figure.  

The dependence of figure 7 can be eqressed 

zero and one, as it does 

analytically by the relation 
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It s h m ~ . ~  be mentimcri that there is e lower l i m i t  on . L/D helm viiicli 

the relations given here do not apply. 

L/D at which the c$fmm value of S/A is zero. From the form of the e q r e s -  

sion for the loss parameter, it m i g l l t  Eipyar tlmt the value of #is parameter 

can be rer?uced by decreasing L/D. Actually, for values of L/D above the 

lower limit deacribed! above, decreasing 

This lhit corresponds to the d u e  cf 

L/D increases the loss  parmeter, as 

one muld exile&. 

Figure 8 is a plot of the msx5.rmlm attaina’ole airplane velocity as a 

functim oi the loss parameter lor  two values of over-all airplane efficiency. 

For 8 rainjet engine, as is here under consideration, this velocity limit 

occurs bemuse of the decrease w i t h  velocity of the  attainable engine pawer 

coefficient. 

can be added to tibe air by a given f u e l  Is essentially constant as long as 

nearly camplete cmbustion can be miniained. In contrast, the kinetic 

energy of the air per unit mass of air passing through the engine increases 

as the square of the velocity. 

coePicitnt decreases with vefiicle velocity according to the relation 

It may be recalled tht the heat per unit mass of air which 

Consequently, the maximum attainable power 

Taking this factor into account, an over-all airplane efficiency of 0.333 

can be Maintained only to a certain maximum velocity, which depends on the 

loss ixmmeter as indicated i n  the figure. 

velocity to which over-all efficiencies of 0 . U  and 0 can be maintained. 

The maximum velocity f o r  zero efficiency is the actual luaximum velocity of 

I 

Also shown is the  naxinm 
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the configuration, since no furtbcr acceleration is possible,  vhen the over- 

a l l  eff ic iency becomes zero. 

Although the simple design theory used i n  th i s  papr was derived f o r  

- j e t  engines at hypcramic speeds, it also appl ies  t o  turbojet  engines 

and l a w  speeds. I n  the reminder  of the  *per the predictions of the theory 

in the whole speed range w i l l  be discussed. 

Figure 8 can be used t o  i l l u s t r a t e  several  az' the fundamental obstacles 

to develo,pent of air-breathing hypersonic Plight. A typical - d u e  f o r  the 

weight coef3icient based on engine inlet  area of 8 supersonic interceptor 

is six. The w e i g h t  co t i f i c i en t  f o r  a turbojet engine alone i s  typ ica l ly  

one. If the  engine alone has t h i s  large a value, the value f o r  the air2lane 

C G u l d  hardly be held to less than three. With an L/D of six, ?k equal to 
* 

one, and C I ) , ~ ~ ~  equal t o  zero, t h e  loss parameter due t o  weight alone, 

' vould then be about l .25.  Figure 8 indicates  that an over-& eirplane 

eff ic iency of 0.333 could not be ecfiievei! a t  any speed f o r  such a value of 

the loss- parameter. The maximum velocity f o r  an over-all eff ic iency of 0.111 

w o u l d  be about 7000 feet per second assuming t h a t  t he  low speed values of 

cycle end caabust im eff ic iency could be maintained and other losses remein 

lienjet engines can be made lighter than tu rboje t  engines, such t h a t  the 

weight coeff ic ient  may not be the  determining factor for naxFsnrn veloci ty  of 

a i r c r a f t  with such engines. Hswever, assuming an engine drag coeff ic ient  of 

0.1, a kinetic energy efficiency of' 0.92, and zero weight loss, the value of 
. 

the loss parameter is  about 1.09. Then for  an over-aLL airplane efr ic iency 

of O.ll.1, tho velcc i ty  i s  l imi ted  by f r i c t i o n  drag and shock losses t o  less 

than about 12,OOO feet per second. 
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Although these considerations are! bindins; for the immediate ruture,  they 

may not  remain so. 

possibilities of reducing the  ve ia t  loss. 

For exmplc,  external heat addition offers interesting 

Reduction of friction drag inside 

the engine would a l s o  lead to the possibility of reducing internal shock 

losses by increasing the length per unit inlet dimension. In fact by studying 

the factors which affect the value of the loss  parermeter, it can be seen that 

there is a minimum attainable value which is determined essentially by air 

, friction in t h e  engine and in the wing flow. Any sfpifieant decrease in 

skin friction effects below those which are ordinarily experienced, would 

profoundly afrect the performance possibilities of air-breathing configurations. 

In figure 9 the other extreme or performance j p x i b i l i t i e s  which cannot 

be exceeded by innovation are depicted. Burn-out velocity is plotted aa a 

functicln of the required ratio of in i t ia l  to final weight for hydrogen mm- 

jets, gasdine ramJets urd W e t s .  The over-all airplane efficiencies are 

W e n  to be 1/3 and a specific impulse of’ 300 is assigned to the rocket, Tho 

curve labeled gasoline mmjet a l s o  applies to a hydrogen m e t  with en over- 

a l l  airplane efficiency of 0.111. 

ciency is assumed, the orbital centrifugal force is not neglected in figure 3 .  

Since the value of over-all airplane effi- 

A t  first sight the  ramjets look very good in this type of plot, since 

it is indicated that with an o v e r - d l  airplane efficiency of 1/3, a hydrbgen 

ramiet can fly to satellite velmity f o r  a mass r a t i o  of about the same order 

as air?hnes occasionally employ. Such perf‘onnancc is possible 88  frr as 

t he  first and second laws of thermcc3ymmics are concerned. However it may be 

recalled from the p e v i o u s  Iigure that the required loss parameter at the 

higher velocities is mch lower than airplanes n o m y  achieve. Also at tbe  

hi&er s;?eeds other :actors which have not been considered here are decisive, 

such es coding recpirements, and the requirements for supersonic combustion. 
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It is of interest to compare rockets with airplanes which are at pv A esent 

feasible es first stages for launching satellites or other hi&-speed vehicles. 

Fie pr~posed Vanguard flight shown in  figure 9 is a typical flight f'cr present 

rockets. 

which is represented by a displacment to the right. 

and achieves a higber velocity,  which is followed by a displacement representing 

fur ther  ejection of motors and tanks in preparation for firiag t he  thiru stage. 

after burn-out of the f i r s t  stage, motors and tanks are ejected, 

The! second stage fires 

Consider an a i r w e  which can fly to a velocity of 4000 feet p r  seccn2. 

Such I velocity can be reached f o r  a smzdl m868 ratio of the order of that 

indicated in figure 9 for ramjets. 

designed for this pLlpose, perhaps half of it is useless f o r  higher speeds and 

However even if the a i r w e  is specif ical ly  

should be ejected. The resulting displacement terminates at point approximately 

on the Vanguard fligh6, which means that the s t a r t i n g  weight of the airplane 

is no less than that of the correspnding rocket. For a single flight, cost 

factors, not considered here, make the devdoFent of such specialized airplanes 

uneconcgnical. However if the airplane can be landed and used to launch several 

missiles successively, 8J.l of the airplane cost should not be cherged to a 

siuglo f l ight .  

the  savings indicated in figure 9 fo r  ramjets. 

Taking this factor into account, it nay be possible to a2proach 

In conclusion, it can be said that sixple mass and energy considerations 

indicate t he  air-breathing vehicle to be potentially efficient for launching 

missiles or satellites at re-r time intervals. 

Efficient o;?eration at hypersonic speed grabably requires airplane staging 

because of the large weight of the turbojet engines needed at low speed. 

A practical  method for reducing skin friction would greatly enhance the 

p e r f o m c c  possibilities of air-breathing rehicles. 
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TAlXJ3 OF SYMBOLS 

engine inlet area 

wing drag coefficient ( e q w  to D/+v~s) 1 

w i n e  drag coefficient ( c q d  to 

engine power coefficient ( e q d  to 

a i r p h n e  w e i g h t  c o d f i c i e n t  ( e q d  

a d r a g  

engine drag 

acceleration due t o  gravity ( e q d  

to W/$pFA) 

to 32.2 it per secz) 

specific impulee of rocket ( lbs  thrust per lb of fuel per see) 

heat content parameter ( c q d  to 1.3 for gasoline) 

wing lift 

t o m  l i f t  

heat power supj?lied t0 the engine 

engine thnrst 

net thrust (tqd to engine thrust minus ving drag) 

free stretun or vehicle velocity 

exhaust velocity 

sate l l i te  Vclocity (qual to 26,100 it/scc) 

instantaneous airplane w e i g h t  

i n i t i a l  airplane weight 

f inrnl airplane weight 

engine exhaust deflection from horizontal 

engine kinetic energy efficiency 

engine thermodynmlc ideal cycle efficiency 

free streant density 
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